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Abstract 
Ion beam synthesis of cobalt discilide by cobalt implantation with a metal vapour 
vacuum arc (MEVVA) ion source has been performed at an extraction voltage of 35 kV, 
17 2 17 2 
with a beam current of 4 mA, to dose ranging from 1 x 10 cm' to 4 x 10 cm" . The 
characterisation of the as-implanted and annealed samples was performed using 
Rutherford backscattering spectrometry (RBS), transmission electron microscopy 
(TEM), high-resolution transmission electron microscopy (HRTEM) and electrical 
measurements. It is found that for some as-implanted samples prepared under 
appropriate conditions, the electrical resistance exhibits a nearly-temperature-
independent (NTI) behaviour from 20 K to 300 K. For these as-implanted samples, 
nanocrystals of cobalt disilicide with various sizes dependent on the implantation 
conditions were formed. It is also found that only for samples prepared under 
appropriate implantation conditions, a continuous cobalt disilicide layer can form after 
annealing. For a sample of p(100) Si substrate implanted to a dose of 3 x 10^ ^ cm" ,^ a 
continuous thin layer of C0Si2 of 47 nm thick was formed after annealing. The C0Si2 
layer has a low resistivity value at room temperature of about 15 p,Q cm. The details of 
the electrical resistance and the microstructure of the as-implanted samples and annealed 
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Chapter 1 Introduction 
Chapter 1 
Introduction 
1,1 Metal Silicides 
In microelectronics, because of the high electrical and thermal conductivity, metals 
are basicaUy used as the connection of supplying power and transmitting information. 
However, as device dimensions approach micrometer or submicrometer sizes in very 
large scale integration (VLSI) and ultra large scale integration (ULSI), there is an 
increasing concem over the problems of the contact between metals and siHcon, such 
as: electromigration, stress voiding, adhesion failures, corrosion and interdiffusion. 
These problems directly affect the reHabiHty of the devices, especiaUy in high current 
or high temperature operation. Therefore, a stable layer in contact with a siUcon 
substrate is essentiaUy needed. The best candidate of such layer is made of transition 
metal siHcides. The study of metal siUcide has attracted great interests for its 
applications in the microelectronics industry, as weU as for fundamental research [1-
3]. 
The applications of metal siHcides in siUcon integrated circuits include (a) as part of 
the contacts that joins interconnecting Hne and siHcon in a contact window, and (b) as 
interconnection between devices. In the first usage, the electric current flows 
perpendicular to the siHcide layer and across the siHcide-siHcon interface. The electric 
1 
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characteristics of the contact between siHcide and siHcon are the prime interest as 
expressed by parameters as barrier heights and contact resistivity. In the second 
usage, the electric current flows mainly along the plane of the fdm. The parameters of 
interest are carrier concentration, mobHity and electromigration. In both these 
appHcations, the prime reason for its use is the metaUic nature of the metal siHcide. 
But the physical properties, such as: coefficient for Unear thermal expansion, eutectic 
and melting temperature and thermal conductivity, are also important. Because of the 
high-temperature stabiHty and the good conductivity, metal siHcides are increasingly 
used as gate metaUizations, surface or buried interconnections, Schottky barriers and 
ohmic contacts. 
2 
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1,2 Cobalt Silicides 
Among the transition metal siHcides, cobalt disiHcide is of particular importance. 
C0Si2, with the cubic CaF2-stmcture, seems to be the most promising siHcide that is 
compatible with siHcon and siHcon technology to reaHze heterostructures with device 
quaHty. Because the lattice mismatch of C0Si2 to Si is smaU, -1.2% at 300 K, good 
quaHty epitaxial C0Si2 layer can be grown readily. The high-temperature stabHity of 
C0Si2 is also advantages for further processing, such as siHcon over-growth by 
chemical vapor deposition (CVD) at temperatures between 900 and 1100"C. Some 
information of the C0Si2 can be found in Appendix. In addition, the epitaxial C0Si2 
layers show superior electrical transport properties with a low electrical resistivity 
down to 14 ^I2.cm at 300K [6]. This offers a number of potential use of C0Si2 in 
electronic device applications, such as buried ground-planes, contacts, interconnects, 
permeable base transistors [7, 8] and metal base transistors [9, 10]. For example, 
C0Si2 has been used in a self-aHgned contact formation process for ultra-large-scale 
integrated circuits (ULSIC) [11]. 
Besides good electrical properties, C0Si2 has also good optical properties and is 
useful for optoelectronic device appHcations. For example, a new class of infrared 
waveguide devices, in which Ught is trapped in siHcon by one or more layers of C0Si2 
has been developed [12]. An ultrafast vertical metal-semiconductor-metal 
photodetector using a buried C0Si2 layer is reported and the C0Si2 layer in sHicon acts 
both as a bottom Schottky contact and a buried Hght reflector [13]. 
— 3 
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1,3 Ion Beam Synthesis ofMetal Silicides by Metal Implantation into Silicon 
The work of ion beam synthesis (IBS) of cobalt disiMcides by cobalt implantation into 
siHcon started in mid-80s [14]. The advantages of IBS include the precise control of 
implantation dose and its exceUent reproducibility. Because IBS is a highly non-
equilibrium process, k may lead to thin fika materials with novel properties. 
In implantation has been widely used in integrated circuit processing Unes for a long 
time. In the past, implantation was mainly used at doses less than 10^ ^ ions/cm^ for 
doping semiconductors in order to tailor the electrical properties. However, along 
with the development of high-current implanters and the advancement in new material 
synthesis for VLSI appUcations, implantation with much higher doses (10^^-10^^ 
ions/cm^) have recently been used for compound formation such as semiconductor-
on-insulator (SOI) structures [15], semiconductor-metal-semiconductor (SMS) 
structures [16], or surface siHcide layers [17]. There are many reports on IBS of 
heterostmctures of buried C0Si2 in Si [18 - 21]. Although IBS has many attractive 
advantages, one major difficulty of the conventional IBS technique is the high dose 
required. This difficulty, however, can be overcome with the use of the metal vapor 
vacuum arc (MEVVA) ion source that was developed in the mid-80s [22]. The high 
current capabiHty of the MEVVA ion source makes the high dose requirement no 
more a problem. 
4 
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1.4 Features ofMEWA implantation 
Metal vapor vacuum arc is used as the method of plasma production, and from which 
a broad and high current beam with high quality of metal ions can be extracted, as 
reported by Brown et al. [23 - 26]. The average beam current density can typically 
reach few ^A/cm^, which is one order higher, in magnitude, than that in 
conventional implantation. Due to the MEVVA ion source operates in pulse mode, 
and its pulsed current is a few order higher than its time averaged value. Such high 
beam current implantation does not only reduce the processing time, but the 
extremely high instantaneous beam current during implantation also heats the 
substrate dramatically to cause a simultaneous annealing. The substrate temperature 
effect, caused by the beam heating, in the formation of cobalt disilicide has been 
reported [27]. Another feature of MEVVA ion source is the different multiple 
charge-state for different cathode materials [28]. For an example of Co implantation 
in MEVVA source with 35 kV extraction voltage, the corresponding implantation 
energies are 35 kV, 70 kV and 105 kV for Co+, Co?+ and Co�+ respectively. 
5 
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i .5 Motivation and organization ofthis thesis 
There was an earlier detailed study on the microstructures and electrical properties of 
buried C0Si2 thin layers in Si formed by MEVVA implantation at an extraction 
voltage of 70 kV in our laboratory [29]. It was shown that good quaHty buried C0Si2 
layers of about 50 - 70 nm thick with good electrical conductivity can be formed by 
the MEVVA implantation method with appropriate implant and anneaHng conditions. 
However, from the point of view for metal base transistor appUcation, a thinner C0Si2 
layer (about 20 nm) is required [9, 10]. It is therefore of interest to see whether a 
thinner buried C0Si2 layer can be formed by reducing the implantation energy. 
Therefore, in this work, we study the microstructures and electrical properties of Co 
implanted Si samples by MEVVA implantation at a lower extraction voltage of 35 
kV. 
In the next chapter, the reasons of the choice of the sample preparation condition are 
given. The basic principle and measuring technique of different characterization 
methods are explained. Chapter three is the experimental details of different 
implantation dose of as-implanted samples. Based on the characteristic and structures 
of such samples, it gives a reasonable explanation on the electrical properties. In 
Chapter four, the formation of a continuous C0Si2 layer, under an appropriate 
condition after anneaUng, is shown. 
6 
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Chapter 2 
Sample Preparation and Characterization Methods 
2.i Metal Vapor Vacuum Arc (MEWA) Implantation 
The metal vapor vacuum arc (MEVVA) is a proHfic source of highly ionized metal 
plasma. Brown et al. has developed it in Lawrence Berkely Laboratory [22 - 26]. As 
shown in Fig. 2.1, the basic principle of this system is simple. A dense plasma of the 
cathode material is formed by vacuum arc discharge between the cathode and the 
anode, and an intense ion beam is extracted. The MEVVA is operated in a pulse 
mode. The pulse length is fixed at 1.2 ms.. The repetition rate can be selected in the 
range of 1 to 25 pulses per second. By increasing the frequency of the pulse, the ion 
beam current can be increased. Such advantages of high current ion beams, large 
irradiated area, fast and pulse mode operation, which can lead to very high 
instantaneous power density during implantation, are particularly attractive for IBS 
application. Another feature of the MEVVA ion source is the multiple charge states 
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Fig. 2.1 Schematic of MEVVA ion source 
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2,2 Simulation by TRIM 
In order to have a rough idea of the distribution of Co inside the Si substrate before 
implantation, a computer simulation is useful. As given by the LSS theory [30], a 
symmetrical Gaussian distribution can approximately express the depth distribution of 
an implanted species, ci (z), in an amorphous substrate as: 
Ci (z) = Cpeak exp [-(z-Rp)^ / 2o^] 
where Cpeak= <!> /a(27i)^^^ is the maximum concentration at the peak, z is the depth 
inside the substrate, a is the standard deviation from the mean, Rp is the projected 
range, and 中 is ion dose. 
Note that the above expression does not concern the crystal orientation effects. A 
weU-known computer code, TRIM [31], which is a Monte Carlo computer simulation 
program, has been developed to calculate the range and damage distributions as weU 
as angular and energy distributions of backscattered and transmitted ions in 
amorphous soMs. 
For IBS of Co implanted into Si by MEVVA implantation, due to the characteristic of 
MEVVA ion source, there are three charge states of Co ion [28], which are Cc>i+, 
Cc)2+ and Co]+. Taking a condition of 1 x 10^ cm'^  for the nominal Co dose at an 
extraction voltage of 35 kV as an example, the corresponding data of implantation 
j 
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energies, electrical current fraction, particle current fraction, and the dose for the ions 
of the respective charge states, are as shown in Table 2.1. 
Charge Energy Electron Current Particle Current Dose 
(Q) [kV] Fraction [%] Fraction [%] [xlO^^ cm-^ ] 
P ^ M 51.65 J 2 
T ^ ^ 44.81 4 5 
r i [ ^ 7 3 M 0 4 
Table 2.1 The corresponding data of implantation energies, electrical 
current fraction, particle current fraction and the dose for the 
ions of the respective charge states, for Co implantation to a 
total dose of 1 x 10^ ^ cm"^  at an extraction voltage of 35 kV by a 
MEVVA ion source. 
^^^^^^^^^^^^ "^^""~~^^^^^^^"»^^^~-^^^«^^^ _^^^^^^^^_^_^^^^^_^^^^^ _^^^^^^ _^ i 
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Using TRIM simulation for the different implantation energies corresponded to 
different ions, the resultant Co distribution profile in Si is the sum of the ions 
distribution profile as shown in Fig. 2.2. 
12 
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Fig.2.2 The TRIM simulation of the depth distribution of the 
different charge states of Co ions and the resultant Co ions 
implanted into Si at an extraction voltage of 35 kV with a 
nominal dose of 1 x 10!? cm" .^ 
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2,3 Sample Preparation 
In order to see whether a thinner, buried and continuous C0Si2 layer can be formed, 
an extraction voltage of 35 kV was chosen. Besides the consideration of the 
extraction voltage, there are some factors, which affect the formation of C0Si2 layer, 
such as the implantation beam current, the substrate temperature, and the nominal Co 
dose. As mentioned by Mantl [32], the depth of the C0Si2 precipitate inside Si 
forming during implantation increases with the ion energy, the density of the C0Si2 
precipitates increases with the beam current density and the dose, but decreases with 
the implantation temperature. The microstructure evolution during annealing 
depends on the as-implanted microstructure, on temperature and on time. Attempts 
have been made to reduce the layer thickness by reducing the dose to values for 
which the metal concentration at the peak of the implantation profile is below the 
stoichiometric value for the silicide. For this reason, a choice of the substrate 
temperature at 350 °C was used in reference [18]. In our MEVVA system, changing 
the implantation beam current directly controls the substrate temperature. In a test 
run of different implantation currents of 0.5, 2, 4 and 6 mA, the substrate 
temperature of the sample with 4 mA reached 350 °C. 
The substrates used are 3 inches diameter p (100) Si wafer with a resistivity of 10 -
20 Q cm. These wafers were implanted at an extraction voltage of 35 kV with a 
12 
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fixed implantation beam current of 4 mA. The nominal doses were varied with 1, 2, 
3 and 4 x 10^^  cm^l 
After implantation, the as-implanted samples were annealed. The conventional 
furnace annealing (FA) with two-step annealing process (600 °C lhr, 1000 °C 30 
min.), with an ambient of flowing N2 gas, was normally used [19, 32]. A rapid 
thermal annealing (RTA) process (750 °C 30 sec., 1150 °C 10 sec.), with Ar gas, was 
also used [18]. In this work, a typical temperature profile of the RTA process is used 
as shown in Fig. 2.3. The temperature was raised from room temperature to 750 °C 
in 4 seconds, held for 30 seconds, raised again from 750 °C to 1150 °C in 30 
seconds, maintained for 10 seconds, and finally cooled down to room temperature. 
1200 
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^ 200 
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Fig.2.3 RTA process in time range from 0 to 100 sec. for the as-
implanted samples. 
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2,4 Sheet Resistivity Measurements 
The sheet resistivity measurement was studied by using van der Pauw's method [33'. 
The details have been described in the reference [34]. For completeness, a simple 
introduction of the subject is given below. 
One of the advantages of the van der Pauw's method is that no dimension need be 
measured for the calculation of sheet resistance. The measured sample requires flat, 
homogeneous and isotopic, a singly connected domain (no holes), and have Hne 
electrodes on the periphery, projecting to point contacts on the surface, or true point 
contacts on the surface. Although the van der Pauw scheme is applicable to samples 
of arbitrary shape, in practical a symmetrical shape is always used. In this work, aU 
the samples were prepared in a square shape with a size of about 1 cm x 1 cm. 
Considering the sample shown in Fig. 2.4, here a current I flows between contacts 1 
and 2, and a voltage V is measured between contacts 3 and 4. According to the 
relationship of the resistance, R^i = Vki / Iij , the sheet resistance is then calculated as 
foUows: 
丄 [ 、 1 ] . 
21n2[7, , , 1 4 � 旧 
where Q and F are symmetry and correction factors respectively. The calculations of 
Q and F are as foUows: 
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Q 二 V � ’ � 4 F=1-0.34657A-0.09236A^ A = - ^ ^ 
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Fig.2.5 The functional block diagram of the resistivity measurement system 
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Fig. 2.5 shows the system setup functional block diagram of the resistivity 
measurement system in our laboratory. The sample chamber is kept in vacuum of 6 x 
10—2 mbar first, then fiUed with He for cooHng. The current source, Advnatest 
TR6143, provides a fixed dc current source. A current of 10 mA is normaUy used for 
this study. The switching box changes the polarity of the dc current source and the 
testing points in the sample. With a programming control in a personal computer, the 
temperature is controUed between 20 K to 300 K by a CTI cryostat with a LakeShore 
330 auto-tuning temperature controUer. The measured voltage data from the digital 
multimeter, HD 34401A, is captured in the memory of the computer through an IEEE 
488 interface card. With the computational calculation, the voltage data is converted 
into the sheet resistance value. 
16 
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2.5 Rutherford Backscattering Spectroscopy (RBS) 
Rutherford backscattering spectrometry (RBS) is used to study the Co content and 
distribution in the implanted samples. The basic principle is based on classical 
scattering in a central-force field with the assumptions as follows: (1) classical 
dynamic is applied; (2) only two atoms collisions are considered; (3) one of the two 
colliding atoms is initially at rest; (4) excitation or ionisation of electron only enters 
as a source of energy loss. The details have been described in the classic book 
"Backscattering Spectrometry" by Chu et al [35]. A simpler introduction to the 
subject can be found in the more recent "Handbook of modern ion beam materials 
analysis" by Tesmer et al [36]. For completeness, a simple introduction of the 
subject is given below. 
In RBS, light and high monoenergetic ions, typically He ions at 2 MeV, incident on a 
solid will occasionally undergo an elastic collision with one of the target atoms. By 
collecting and measuring the flux and energy of these backscattered ions, the 
composition as a function of depth below the surface can be calculated. 
In this work, two RBS measurements are used, which are random spectrum and 
channelling spectrum. For the channelling spectrum measuring, the incident 
direction of an ion beam is aligned with a crystallographic axis or plane of a single 
crystal sample the ions penetrate into the crystal, while the incident direction of an 
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The thickness of the crystal layer in the sample can be calculated using the 
simulation program RUMP [37] in random spectrum. The quality of the crystal can 
be seen from the reduction of the channelling spectrum respect to the random 
spectrum. 
i^ ‘ 
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2,6 Transmission Electron Microscopy (TEM) 
Transmission electron microscopy (TEM) and high-resolution electron microscopy 
(HREM) have become indispensable tools for the study of advanced materials 
nowadays. The details of how the TEM and HREM work can be found in references 
[38,39]. Here we shaU only mention briefly some formulas related to the analysis of 
the electron diffraction pattern. Then we shaU spend considerable effort to describe 
the TEM sample preparation method, which is crucial for a successful TEM 
observation. 
With some basic knowledge of the foUowing equations, the diffraction pattern can be 
defmed. 
Electron wavelength : X = h/p (2.1) 
Momentum : p = m^ v (2.2) 
Electron energy : eU = mo v^/2 (2.3) 
Combine (2.1), (2.2) and (2.3), the electron wavelength can be expressed as: 
, h [ T ^ … 入=F^——7T “ V ^ [A] (2.4) y2m^eU V U 
In equation (2.4), >i=0.0251A for a TEM with 200 kV acceleration voltage. 
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To calculate the reciprocal lattice points: 
R dhki = LX (2.5) 
where nio is the mass of rest electron，v is electron velocity, U is the accelerating 
voltage in TEM, h is Planck's constant, R is the distance between the center origin 
and a diffraction spot, L is the electron diffraction camera length, and dhki is the lattice 
plane spacing. 
20 
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2.6.1 Transmission Electron Microscopy (TEM) sample preparation 
TEM is generaUy the final analytical technique in the history of a sample, due to the 
fact that TEM sample preparation is a destructive process. A good TEM sample 
preparation is very crucial to obtain a good TEM micrograph. The most important 
issue of a good TEM sample is nothing but its thinness. A thin sample can not only 
let higher percentage of electron beam transmit, but can it also reduce the beam 
heating to the sample. Serious beam heating can damage the TEM sample and 
contaminate the TEM column. 
To match the two TEM analytical techniques, namely, the cross-sectional TEM 
(XTEM) and plan view TEM, there are some differences in the TEM sample 
preparation. Different materials need different TEM sample preparation methods. 
Mechanical poHshing and ion miUing thinning are the two main processes. The TEM 
sample preparation procedures are described in the foUowing in details. 
21 
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Cross-sectional TEM (XTEM) sample preparation: 
1. CarefoUy cut two pieces from the sample each with a dimension of at least 3 
mmx 1 mm. 
1 mm "•j, \4-
..^^^ms^^^^ss^^^f^^^^^^is^^iss^f^^^&^^sss^s^s^k^^^ 
, ^ X - , . . V s ^ ^ ^ . ^ $ - ^ j ; . N . 3 v ' 4 , ^ r ^ " * V «••.,： ^ . ^ ^ < • • • A^ ^^ ^^ g^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ #^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ p: ^^^^^^^^^^^^^^^^^^^^^^^^^^^^ •^: ^^^^^^^^^^^^Hi_ ‘ ^^^'yLm 
2. After cleaning these two pieces of samples with isopropanol alcohol, IPA, 
glue them face to face together with a mixture of one part of hardener and 
seven to ten parts of epoxy (or named resin). Make sure that the faces of 
these two pieces of samples are fuU of a very thin layer of glue without any 
bubble of gas. 
.Epoxy / W:i0^^^^^^^^^^^y ^^^^^^ _^^^^^^h 
N! 
Surface 
3. Apply a force evenly in the backsides of these two pieces of samples with a 
metal tool. In order to prevent gluing the samples from the metal tools, a 
22 
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sheet of Teflon can be used as an interface between them. Then, heat the 
whole metal tools up to a temperature of 100�C for 45 minutes until the glue 
turns into dark brown in color. 
Teflon / \ 
1 1 ^ ^ ^ ^ ¾ 
Force applied Force applied • < \ � H e a t 
(~ 100 °C 45min.) 
4. Cool down the temperature of the whole metal tool with a heat sink plate. 
Heat up the sample holder, on which there is some melting wax of the 
poUshing machine. Straight up the sample, which is perpendicular to the 
sample holder, on top of the melting wax. Then let it cool down. 
Wax ^^^M^T z 
F C ^ X ^ 
^ " " " " ^ ^ 
Heat 
(~ 60 °C 10 min.) 
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5. Screw the cool sample holder, with the sample, on the polishing tools. 
CarefaUy lower the sample down for polishing in water with different 
poHshing carbon papers from GRIT No. 400 to 4000 in a high rotating speed 
of the poHshing machine. Then, poHsh the sample, for fine thinning, with 
different diamond-papers of grit size from 3 ^m to 0.1 ^m in a relative lower 
rotating speed of the poHshing machine. 
(¾¾¾¾¾¾ Z Scale 
/ ^ ^ v ^ 
~^]|]|；[|||^ [^]|]|^[^~^^^  Down 
1 r 
^ Sample Holder „ ,.,. J ^ Polishmg papers ^ ^ m Z r ^ Sample J 
^ ^ _ ^ ~~z:r> 400 ^ ^ — ^ ~ ^^ ^^ ^^ ^^ ^ 600 , , 24p0 
*==^ ^^ ^ ~Zr：^  0.1 n 
6. Screw the whole sample holder off and clean the sample with IPA. Glue a 3 
mm-copper ring, which fiUed with the epoxy mixture, on top of the sample. 
Make sure that the interface of two face to face samples is in the center of the 
copper ring. Then, heat the whole sample holder, with the sample and the 
copper ring, up to a temperature of 110�C for 45 minutes with a heating plate 
until the glue turns into dark brown in color. 
24 
Chapter 2 Sample Preparation and Characterization Meth()ds 
^^Pppnnnnnnnupjnnn^Z Curing ^ i i p d > _ ^ i i P 
•^^ :^iLiij;nnn:;:;”":j?nn?^ i^iiisi^ ^^ -^  
Epoxy . / Wax 
c r s _ L ^ ^ 
^ _ _ ^ ^ ^ 
f 
Heat 
(~ 110°C 45 min.) 
7. Turn the sample with the copper ring up side down on top of the melting wax. 
Make sure the middle of the copper ring fiU with melting wax, in order to 
prevent the sample from crash in the final step. 
j^^^^^^^^^^^ 
C ^ i o , J ^ ^ 
^ ^ ^ 
T Heat 
(~ 60 °C lOmin.) 
8. Repeat step 5 until the thickness of the sample reaches around 15 [im, or until 
red transparent Hght can be seen through the sample on top of a Ught source. 
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Transparent Light 
<^<^rn;nnnj;hnjnjHHHHjHinnn!nn^>^  1 ^ ^ ¾ > *^***"^ iiiiiiiiiiiiiiOiiii]liiiiiiiiiiii;y*^  
八 
Light 
9. Load the sample, with the copper ring, into the ion-miUing machine after 
cleaning with IPA. (DO NOT use acetone in the fmal step before ion milling. 
This wiU contaminate the sample and the TEM column.) Thin the sample 
down wkh an ion miUing condition of an extraction voltage of 6 kV and a 
beam current of 0.3 mA at an angle of 12° between the argon ion beam and 
the sample. Continue the ion miUing process until a smaU hole, at which Ught 
can pass through, appears. Then change the ion miUing condition to an energy 
of 5 kV with a beam current of 0.2 mA at an angle of 10° for 5 minutes, then 
at 4 kV, 0.1 mA, 5° for another 5 minutes. 
^ ^ ^ ^ ! ^ 5 ^ ^ i ^ ^ Ton Ream Ion Beam ^ _ _ _ _ i _ ^ ^ ! J i ^ | ^ j j ^ 
^ ^ ^ ^ ^ Sample with Cu grid 
where 9o < 12� ,0f <9c 
FinaUy, take out the fragile TEM sample very carefuUy. 
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Plan view TEM sample preparation: 
1. CarefuUy cut one piece of square from the sample with a dimension of at least 3 
mmx 3 mm. 
_ ^ 3 mm 1 ^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^  
^ ^ ^ ^ ^ ^ ^ m 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ P : « 
^^^^^^^^^^^^^^^^^^^^1^^^^^^^)纖:;： ^ ^ ^ H ^ _ _ i p 
]^i mm 
2. Glue a 3 mm-copper ring, with an epoxy mixture (one part of hardener and seven 
to ten parts of epoxy) on top of the ring, to the face of the sample cleaned with 
IPA. Then, heat the copper ring with the sample up to a temperature of 110°C for 
45 minutes with a heating plate until the glue turns into dark brown in color. 
, ^ ^ ^ B 
鮝_§||^|_丨^ 1^1__:::::.::丨::::::::;:::： 
,'?�/-,-'： - \ ^ ^ Surface 
, -
• • Epoxy 
^ t n i M f g ™ ^ ^ ^ i p i < ^ 
^ M l 6 n E O H E * ^ Cu grid 
^^^m^ 
li^ B_____i___i:_::::: i | ^ ^ ^ ^ ^ i ^ 
‘_ 1»!^1±!»\ • \ “ ！ ‘ ！»！ “ *»* • * i ’ '%lls^i^^^ • 
Heat 
( � l l Q O C 45 min.) 
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3. Put the copper ring with the sample on the sample holder of the polishing 
machine, and glue with melting wax. Make sure the middle of the copper ring is 
fiUed with melting wax; in order to prevent the sample from crash in the fmal step. 
Wax / 
^"-"^ .isr^^"^ 
<_,^ ^_^^^^^^^^pii^ ____^^^ 
^ ^ • ^ ^ ^ 
T Heat 
(~ 60 °C 45 min.) 
4. Screw the cool sample holder, with the sample, on the poUshing tools. CarefiiUy 
lower the sample down for polishing in water with different polishing carbon 
papers from GRIT No. 400 to 4000 in a high rotating speed of the poHshing 
machine. Then, polish the sample, for fme thinning, with different diamond-papers 
of grit size from 3 ^im to 0.1 p.m in a relative lower rotating speed of the poHshing 
machine. CarefuUy poHsh the sample until the thickness of the sample reaches 
around 15 ^im, or until red transparent Ught can be seen through the sample on 
top of a Hght source. 
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flWWK^ y ^ Scale ^ ^ \ ^ 
Down 
T 
^ Sample Holder _ , . , . J ^ Polishing papers ~ E Z Z P ^ Sample J 
< n i ^ ZIZ：> 400 g ^ ^ ^ ^ 600 
, ,24,00 
• _ _ ^ ‘ * < n : z ^ ^ n : : ^ 0.1 in 
Transparent Light • 
<^»?^;nTnnuHHj"ijnhn"H;jH?nn?TTinT^  
看 〔 〉 參 
"^**^ ^^ ^^ ihiib!i^ j"y":!;nTnniniii^ ^^ ^^ ^ 
t 
Light 
5. Load the sample with the copper ring into the ion-miUing machine after cleaning 
with IPA. (DO NOT use acetone in the fmal step before ion miUing. This will 
contaminate the sample and the TEM column.) Cover the sample surface with a 
transparent tape. The fmal ion miUing step is identical to the step no. 9 for XTEM 
sample preparation described earHer. 
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Transparent Tape 
c a « ^ 
<C^ L_L^ Ljj 二^^ ^^ ^；^ Surface 1 ^ 1 ^ ¾ ^ ^ 
( ^ c ^ ^ ~ ^ ^ ) , Ion Miller 
^ - - - ~ ^ J r ^ 1 ^ ^ ^ ^ " ^ Grid 
— % ： 
Sample with Cu grid where 6 < 20 °，0f <0o 
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2.7 Atom Force Microscopy (AFM) and Conducting Atom Force Microscopy 
(CAFM) 
Atom force microscopy (AFM) has been the most widely used extension of the 
scanning tunneUng microscopy (STM) invented by Binnig et al in early 80's [40]. 
Although the AFM technique is derived from STM, AFM can be appUed to any type 
of material including non-conducting materials. 
AFM is based on the measurement of interatomic force between the probing tip and 
sample. The details can be found in reference [41]. A simple introduction of the 
subject is given below. 
The main components of AFM are shown in the schematic diagram of Fig. 2.6. The 
sample surface is scanned against the fixed and sharp tip, which is mounted on a 
cantilever, at a distance of less than a few nanometers. In the contact mode, the 
repulsive force experienced by the tip is measured by recording the cantilever 
deflection. A laser beam is reflected from the cantilever surface to the photodetector. 
According to the surface morphology, the vertical displacement of the cantilever is 
proportional to the differential signal from the vertical segments of the photodetector. 
The changes are captured and reconstructed to form an image by the computer 
system. 
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Photodiode Array 
P h o t o d i o d e " B " ^ . _ l ^ o r 门 
T ^ ^ ^ Laser 
Photodiode"AnJ X L _ ^ 
“ ^ Laser beam 
\ ‘VTip' _ .1 m-mw' a^, Sample 
p - ^ ^ ^ _ ^ ^ ^ ^ _ i ^ ^ ^ ^ ^ ^ _ ^ ^ ^ ^ ^ _ i Computer system ^ ^ ^^ ^^  
- — 
Scanner ,广女 Tube 
Fig. 2.6 A functional block diagram of a constant force mode AFM 
The conducting AFM is based on the configuration of the AFM. The difference is to 
use a metal-coated tip, and a fixed DC bias voltage is appUed across the tip and the 
sample with a fixed separation between the tip and the sample surface. The current-
flow is then used to form the CAFM image. A higher current-flow peak means the 
local conductivity at that position is higher. 
In this study, the AFM and CAFM used in our laboratory is Digital Instrument 
modified contact model, DI IIIa. 
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Chapter 3 
Characterization of As-implanted Samples 
3,1 Experimental Results 
The Co implanted Si samples by MEVVA implantation were prepared at an 
extraction voltage of 35 kV and the nominal implantation doses were 1, 2, 3, and 4 x 
lQi7 cm_2 at a fixed beam current of 4mA，which corresponds to a beam current 
density of 54 ^iA/cm^. Presented in this chapter are the characterization results of the 
as-implanted samples by electrical resistance measurements, RBS, TEM, AFM and 
conducting AFM experiments. 
3.1.1 Sheet Resistance Measurements 
Figure 3.1 shows the temperature dependence of the sheet resistance, R。，for the Co 
implanted Si samples, measured by the van der Puaw method. It is seen that the 
sample with a nominal Co dose of 3 x 10^ ^ cm'^ has the lowest R^ value from 23.31 
Q/口 to 24.8 Q/D corresponding to the temperature range from 20 K to 300 K 
respectively. It shows a nearly-temperature-independent (NTI) behavior. The other 
two samples with nominal Co doses of 2 and 4 x 10!? cm'^  also show similar NTI 
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behavior, but the R^ values are higher. For the sample with a nominal Co dose of 2 x 
10i7 cm-2，the R^ value is from 111.6 0 / D to 107 Q/D, corresponding to the 
temperature range from 20 K to 250 K，respectively. And the sample with a nominal 
Co dose of 4 x 10^ ^ cm'^ has a R^ value from 77.4 Q/D to 82 Q/D corresponding to 
the temperature range from 20K to 250K, respectively. From about 250 K to 300 K, 
a sUght decrease in their R ] values is evident for these two samples with nominal 
doses of 2 and 4 x 10^ ^ cm'^. The sample with a nominal Co dose of 1 x 10!? cm"^  
has a relative higher R � v a l u e , and varies Mnearly from 630.1 Q/D to 570.7 l^/D in 
the temperature range from 20 K to 200 K. Then there is a large drop in R � t o a 
minimum of about 190 Q/D at about 280 K, beyond which R�sUght ly increases 
again. 
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Fig. 3.1 Temperature dependence of sheet resistance for samples: (a) 1 x 10^ ^ 
cm-2，(b) 2 X 10i7 cm-2，(c) 3 x 1 0 " cm"^ and (d) 4 x lO】？ cm"^ at an 
extraction voltage of 35 kV by a MEVVA implantation. 
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3.1.2 Rutherford Backscattering Spectroscopy (RBS) 
Figure 3.2 shows the Rutherford backscattering spectroscopy (RBS) results. It is 
found that the distributions and the height of the Co peak for the three samples, 
which show a nearly-temperature-independence (NTI) sheet resistance ( R � ) 
1 n ^ 
behaviour, with nominal doses of 2, 3 and 4 x 10 cm' are almost the same as 
shown in Fig. 3.2 (b), (c) and (d) respectively. In comparison, the Co peak for the 
17 9 sample with a nominal dose of 1 x 10 cm' is lower as shown in Fig. 3.2 (a). 
Energy [keV] 
9 7 4 1 0 7 4 1 1 7 4 1 2 7 4 1 3 7 4 1 4 7 4 1 5 7 4 
1.2 1 1 1 1 1 r-
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36 
Chapter 3 Characterization ofAs-implanted Samples 
Energy [keV] 
951 1051 1151 1251 1351 1451 1551 
1.2 1 1 1 1 1 ^ 
1 „ � Random 
1 f V ^ ^ (b) 2x lO l7cm-2 . . . .channel 
芯 ’ ^ � S i m u l a t e d 
I：：" A 1 g 0.6 - :• \ � < 
•旁 / 1 
I 0.4 � V i ； 
^ � . 2 - i J \ 
Q I ^fti^ 11 I • 11 1 mm iifl»r I \irtfti, 
450 500 550 600 650 700 750 
Channel 
Energy [keV] 
970 1070 1170 1270 1370 1470 1570 1.2 1 1 1 1 I . Random 
1 ^ ^ ^ N M W i (C) 3 X 1C)17 c m _ 2 Channel 
芯 lf^nfT4 o Simulated 
謹 0 . 8 - A 磁 
i 0.6 A A 
I 0.4 一 . j 
� . 2 - l j 
0 I ^ ^ - ‘ _ 一 “ < ^ - ^ ^ 4 一 
450 500 550 600 650 700 750 Channel 
37 
Chapter 3 Characterization ofAs-implanted Samples 
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Fig. 3.2 RBS random and channelling spectra of as-implanted samples with the 
nominal doses of (a) lx 10^ ^ cm ^ (b) 2 x 10^ ^ cm"^ (c) 3 x 10^ ^ cm.2, 
and (d) 4 x 10^ ^ cm'^ at an extraction voltage of 35 kV by MEVVA 
implantation. 
From a simulation by the RUMP program [37], the depth profile of Co concentration 
and the actual implanted Co dose can be obtained. The depth profiles of the Co 
concentration for the samples with nominal Co doses of 1，2, 3 and 4 x 10^ ^ cm'^ are 
as shown in Fig. 3.3 (a), (b), (c) and (d), respectively. 
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Fig. 3.3 The simulated depth profiles of the Co concentration for the as-implanted 
samples with nominal Co doses of (a) lx 10^^ cm'^, (b) 2 x 10^ ^ cm'^, (c) 
3 X 10i7 cm.2, and (d) 4 x 10^ ^ cm"^  at an extraction voltage of 35 kV by 
MEVVA implantation. 
Basically, there are three regions with different Co concentration in each sample. 
They are a fixed Co concentration region 'T' ; gradually decreased Co concentration 
regions “11” and "III ". For the sample with nominal Co dose of lx 10^ ^ cm"^ the 
thickness of the region 'T ' is about 25 nm. However the thickness of the region 'T ' 
are 40，50 and 45 nm, corresponding to the samples with nominal Co doses of 2, 3 
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and 4 x 10^ ^ cm'^. The details of the value for each sample are as showed in Table 
3.1: 
Region I Region II Region III 
Nominal Co dose~~Co [%] Thickness~~Co [%] Thickness~~Co [%] Thickness 
[nm] [nm] [nm] 
~ ~ 1 X 10i7 cm-2 f6 ^ 1 6 - 3 ^ ^ ^ 
^ 2 X 10i7 cm_2 Yl 40 2 7 - 2 ^ ^ m 
~ ~ 3 X 10i7 cm_2 ^ 50 23 - 3 ^ ^ i ^ 
~ ~ 4 X lC)i7 cm_2 ^ 4 5 2 4 - 5 ^ ^ 7 0 
Table 3.1 The simulation results of the Co concentration distributed in the as-
implanted samples with nominal Co doses of 1, 2, 3, and 4 x 10^ ^ cm'^ 
at an extraction voltage of 35 kV by MEVVA implantation. 
With the simulation results from RUMP program, the actual implanted Co dose were 
determined to be 1.58 x 10^ ^ c m ^ 1.48 x 10^ ^ cm"^  and 1.56 x 10^ ^ cm"^ 
corresponding to the nominal doses of 2 x 10^ ^ cm" ,^ 3 x 10^ ^ cm'^ and 4 x 10^ ^ cm" ,^ 
respectively. Though the nominal Co doses are different, the actual doses, in fact, 
are essentially the same for the three samples. And the sample with a dose of 1 x 
10i7 cm_2 has an actual dose of 8.2 x 10^ ^ cm"l 
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A plot of the actual dose determined by RBS against the nominal dose is shown in 
Fig. 3A(a). It is clearly seen that the levelling of the actual retaining dose is 
17 2 saturated, when the nominal dose is beyond 2 x 10 cm' . 
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Fig. 3.4 (a). The actual doses determined by RBS and, (b) the sputtering depth 
determined by a-step, against the nominal doses for the as-implanted 
samples at an extraction voltage of 35 kV by MEVVA implantation. 
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3.1.3 Sputtering Depth Measurements 
The phenomenon of the saturation in the actual retained Co dose mentioned in the 
last section in clearly due to the well known sputtering limiting effect for high dose 
implantation. In order to study the sputtering effect, a mashed-implantation 
experiment was performed. A long narrow strip of Si of about 3 mm wide was 
placed on the substrate during implantation. The sputtering depth was directly 
measured using a Tensor a-step 500 surface profiler. The sputtering depth results 
are 13.6 nm, 40 nm, 46 nm, and 56 nm for the samples with nominal doses of 1, 2, 3, 
and 4 x 10^ ^ cm'^, respectively. These results are also plotted in Fig. 3.4(b). 
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3.1.4 Transmission Electron Microscopy (TEM) 
The microstructures of the as-implanted samples were studied in details by cross-
sectional transmission electron microscopy (XTEM), and high-resolution electron 
microscopy (HREM), in bright field imaging with a beam direction paralleled to the 
[110] axis of the silicon wafer, and by the plan view TEM in bright field imaging 
with a beam direction paralleled to the [100] axis of the silicon wafer. The XTEM 
and plan view TEM experiments were performed with a Philips CM20 electron 
microscopy and the HREM experiments were performed with a Philips FEG200 
electron microscopy. 
Previous details of IBS of C0Si2 by Co implantation into (100) Si showed that two 
types of C0Si2 precipitates namely, aligned A-type and twinned B-type, will usually 
form in the Si matrix [42,43]. The A-type precipitates, with a spheroidal shape, 
preserve the orientation of the Si substrate. The B-type precipitates, with an 
elongated shape, are rotated 180° in one of the four equivalent {111} planes of the Si 
lattice and represent a twinned orientation with respect to the A-type precipitates. 
And, the B-type precipitates reveal moire fringes due to overlap with the Si matrix. 
These two types of C0Si2 precipitates are semicoherent with the Si lattice, having 
their coherent interface on the long side's [44]. 
Figure 3.5 is the XTEM micrograph of the sample with a nominal Co dose of 1 x 
17 2 10 cm' . The dots in this micrograph are C0Si2 precipitates distributed in a thickness 
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of about 80 nm. The region of the larger size of C0Si2 precipitate corresponds to the 
Co concentration peak region. Above these isolated C0Si2 precipitates, it is seen that 
there is a layer with a darker contrast of about 20 nm thick. However, this layer is 
not a continuous C0Si2 layer. This will be clear when we compare this micrograph 
with those of annealed samples, shown in the next chapter, we shall see that a 
continuous C0Si2 layer will give a much darker contrast and a much more uniform 
image. We shall call this layer a "percolation" layer. As we shall see later in this 
chapter, this name is suggested in relation to its electrical transport properties. 
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Fig. 3.5 XTEM micrograph of the as-implanted sample with a nominal Co 
dose of 1 X lOi7cm_2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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Besides HREM, the selected area electron diffraction (SAED) pattern can also tell 
which types of C0Si2 precipitates are present in the sample. The SAED pattern of 
this sample in Fig, 3.6, taken from an area including the percolation layer and the 
isolated C0Si2 precipitate layer, shows that the C0Si2 precipitates have a face-
centered cubic crystal lattice with a lattice constant close to that of silicon. The 
reciprocal lattice parameters can be calculated using the equations mentioned earlier 
in chapter 2. The results are shown in Table 3.2. The corresponding reciprocal 
lattice planes for C0Si2 are labeled in Fig. 3.6. 
H I ^ H ^ ^ B B I ^ ^ 9 I I B E 9 
H H p ^ ^ ^ ^ ^ ^ H ^ ^ ^ | n 
E^^^^^^^^l 
^ m B f ^ H H H 
Fig. 3.6 SAED pattern of the as-implanted sample with a nominal Co dose of 
1 X 10i7cm_2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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h k 1 d[A] a~~ R[m] L [m] stand.[A] err. % 
~ r ~ 1 -1 3.0768 5.3291"~0.0155 L9 5.364 -0.6501 
~ " 0 ~ 0 -2 2.6494 5.2989 0.018 L9 5.364 -1.2139 
-2 2 ~ 0 1.9076 5.3955~~0.025 L9 5.364 0.58739 
Table 3.2 Reciprocal lattice parameters determined from the SAED pattern of the 
as-implanted sample with a nominal Co dose of 1 x lO^^cm'^  at an 
extraction voltage of 35 kV by MEVVA implantation. 
where d is the lattice plane spacing, R is the distance between the diffraction spot 
and the origin, a is the calculated lattice constants of C0Si2, L is the camera length of 
the TEM, err. is the standard deviation, and Stand, is the standard lattice constants 
of C0Si2. From the SAED pattern in Fig 3.6, it is clearly seen that there is no any 
twin reflection spot as shown by Meekison et al [45]. This means that the C0Si2 
precipitates are aligned with the Si matrix, which proves that the majority of the 
C0Si2 precipitates in this sample are A-type. 
Figure 3.7 shows the plan view TEM micrograph of the same sample. The darker 
contrast dots of irregular spheroid shapes are C0Si2 clusters. They formed the 
percolation layer as shown in the XTEM micrograph in Fig. 3.5. These individual 
C0Si2 clusters have a range of sizes from 10 nm to 70 nm distributed near the surface 
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of the sample. The typical size of the C0Si2 clusters is about 50 nm as labeled with 
"a" in Fig.3.7. The separations between two nearest C0Si2 clusters vary from 10 nm 
to 125 nm. The typical separation between them is about 25 nm as labeled with “b，， 
in Fig.3.7. The other dots with irregular shape and different gray contrast are also 
C0Si2 clusters or precipitates but at different depth inside Si. The SAED pattern of 
this sample in plan view as shown in Fig. 3.6 also shows that the majority of the 
C0Si2 precipitates are A-type. This is consistent with the SAED pattern in XTEM. 
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Fig. 3.7 Plan-view TEM micrograph of the as-implanted sample with a nominal 
Co dose of 1 X lC)i7cm-2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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Fig. 3.8 Plan-view SAED pattern of the as-implanted sample with a nominal Co 
dose of 1 X 10i7cm_2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
Figure 3.9 is the XTEM micrograph of the sample with a nominal Co dose of 2 x 
lOi7cm_2. The image of this sample is similar to the sample with a nominal Co dose 
of 1 X lO^^cm" ,^ as shown in Fig. 3.5. The dots in Fig.3.9 are the isolated C0Si2 
precipitates distributed in a thickness of about 50 nm. On top of the isolated C0Si2 
precipitates region, there is a darker contrast layer, which is a "percolation" C0Si2 
layer of about 40 nm thick. The SAED pattern in Fig. 3,10, taken from an area 
including the "percolation" C0Si2 layer and the isolated C0Si2 precipitates layer, also 
shows that A-type precipitates dominate in this sample. 
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Fi^ 3.9 XTEM micrograph of the as-implanted sample with a nominal Co dose 
of 2 X 10'^cm"' at an extraction voltage of 35 kV by MEVVA 
implantation. 
• 
尸/入‘.3.10 S A E D pattern o f the as-implanlcd sample wi ih a nominal Co 
dose o f 2 X 10'\^m" at an extraction voltagc o f 35 kV by 
M E V V A iniplantalion. 
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Figure 3.11 shows the plan view TEM micrograph of the sample with a nominal Co 
dose of 2 X 10i7cm_2. The darker contrast dots are C0Si2 clusters, which form the 
"percolation" C0Si2 layer of the same sample as shown in the XTEM micrograph in 
Fig. 3.9. These C0Si2 clusters are mainly in irregular spheroid shapes with a range 
of sizes from 25 nm to 100 nm distributed on the surface of the sample. The typical 
size of these C0Si2 clusters is about 75 nm as labeled with "a" in Fig.3.1L The 
number density of these C0Si2 clusters is higher than that in the sample with a 
1 q ^ 
nominal Co dose of 1 x 10 cm' . The separations between two nearest C0Si2 
clusters vary from 10 nm to 100 nm, and the typical value is about 20 nm as labeled 
with "b" in Fig.3.1L The other dots with irregular shape and different gray contrast 
are also C0Si2 clusters or precipitates but at different depth inside Si. With the 
confirmation shown in the SAED pattern, Fig. 3.12, A-type precipitates also 
dominate in this layer, consistent with the SAED pattern in the XTEM micrograph 
shown in Fig. 3.10. 
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Fig. 3.11 Plan-view TEM micrograph of the as-implanted sample with a nominal 
Co dose of 2 x lO^ c^m"^  at an extraction voltage of 35 kV by MEVVA 
implantation. 
I H I ^ ^ ^ E 3 l ^ l k i f l ^ ^ ^ l ^ ^ ^ ^ m m ^ ^ i 
^^^^H^M^HIH^^I 
| | ^ ^ ^ 
Fig. 3.12 Plan-view SAED pattern of the as-implanted sample with a nominal Co 
dose of 2 X 10i7cm.2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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Figure 3.13 shows the XTEM micrograph of the sample with a nominal Co dose of 3 
X 10i7cnf2. Unlike the other two samples with nominal Co doses of 1 and 2 x 
10i7cm_2, the C0Si2 precipitates in this sample form a composite darker contrast layer 
of about 230 nm thick in total, consisting of an upper (labeled by U) and a lower 
(labeled by L) layer of about 80 and 150 nm, respectively. Under this "percolation" 
layer, there is also a region with isolated C0Si2 precipitates. 
Epoxy 
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Fig. 3.13 XTEM micrograph of the as-implanted sample with a nominal Co 
dose of 3 X lC)i7cm-2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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Fig. 3.14 SAED pattern of the as-implanted sample with a nominal Co dose of 
3 X 10i7cm-2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
The SAED pattern of the as-implanted sample with a nominal Co dose of 3 x 
10i7crrf2 in Fig. 3.14 is taken from an area including both the U and L C0Si2 
precipitates layers. Weak extra spots corresponding to B-type precipitates on the 
{111} planes [46] are clearly seen. More details of the C0Si2 precipitates in the U 
and L layers were studied by cross-sectional HREM. 
It is found that B-type precipitates are mainly formed in the U layer close to the 
surface as shown in Fig. 3.15. It is clearly seen that the number density of the B-
type precipitates is much higher than that of the A-type precipitates. In a deeper 
region, the situation is different. As shown in Fig.3.16, A-type precipitates are 
dominant in the L layer where B-type precipitates are hardly seen. 
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Fig. 3.15 Cross-sectional HREM micrograph showing that twinned (B-type) 
C0Si2 precipitates are dominant in the U layer of the as-implanted 
sample with a nominal Co dose of 3 x lO^^cm'^  at an extraction 
voltage of 35kV by MEVVA implantation. 
^ 
Chapter 3 Characterization ofAs-implanted Samples 
••••：•• 、..•戮.::.,：:.:•::".么耀：譯-？^？？巧稷殺-.:^m 
.:;,..:..''W^^m !^:mm-m^ 
.;::.':_... rmm^^rm^:¥ ;�,:_:":__,:._:.. 
• . “ 零 恋 . : " ^ ： ； ” 二 ； 赢 ： 鬚 静 . - ; � , _ . . : A _ . _ ^ _ | 
,'> ' . , , ' - ¾ \ ‘： . ； '\''"',义;、$，‘二、^^食^^  悉己::、>、々 ？ 
…广：，..、、:夢广。.::够§攀,《穆" i -
H A : V 、-梦'么、:'；"':先厂(':、::办:參：.:,l" 
-^；： ：‘ ： .• ‘ ". ‘：: v j ^ : 、, ^ ( ” • / . - v ^ : 通 : r ^ v c ^ ; 
'M^ •八, -:: ••/« . y��-* :<t*i:^\'~^m^ ‘： - .' * •-
. i r • • _ 
':>r:‘ 丄‘：亡、。^;}":，《"^^.、： ， ^ # ^ ^ ^ i - i - . ‘: - ;¾¾¾?:- / :¾; ‘ ： \「V.W��'/: ” : 言 ; " _ 、 點 4 �,h ::::M_m* 广:::、:-¾¾.:^--- = " ^ " ; : : ^ # : : f e j r . 
, 一 . .-\演辦，.:”*: :4«；二、 、 ‘： • � H < ,'.、>- “ 、 , ? "、 . -：-/, ^^^^^iMB^'i^^^^^^^^^^^^^^^^^m^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^i^ 
§^ ^^ ^^ ^^ ^务総^^ ^^ ^^ ^^ ^^ ^^ _魏^^ ^^ ^^ &^ 纖##^ ^^ ^^ 缕參^^ ^^ ^^ |^鎖^^ ^^ 51^ ®^^ ®^ ^^ ^^ ^^ ^^ *^  
:'•黎1、-_'?‘齋：：環’：:'、;?1� 1次::':,:率:、：''" i ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ p ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ * _ : : : : ? ^ ^ ^ ^ ^ ^ ^ ^ * _ ^ ^ ^ ^ ® ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ fc::i^^^^^^^^^^^^^P^fe^#__^^^^^^^^^^^^^^^^^^^^^^^PS^^^ fe: 3.^^^^^^P^^^^^^^^Rl^^^^^^^fe#^^_.^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^i^^^^P m . . .^^^Ri^^^^^^^^^Kliifc^^^^i^^:s^Si^^^^P^^^^^^S^^^^^^#^^^^^^^^S^^I^^^t m : : : : ; . : ^ ^ ^ ^ ^ i ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ _ _ f e p $ p r f ^ ^ ^ ^ ^ ^ ^ ^ p ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ; ^ ^ ^ ^ ^i^^^^^^^^^^^^^^^mm%m%m^^^^^^^^^^^^^^^^^^^^^^^^M^^^ 4：^ '^： y-- < . i^#5%S<^ /^^^ "^&#^vj%i!"^^^ib^ i^:-.%i^^ j^^"S^^^^^^^^^:'^^ J^^i%M^^^k^^^ :^.k,S:.t' 浴々—%*:，>&¥广.分.忿.々 .:¾/:¾¾-::¾;^^^^^¾^ ¾^¾"^^^ ¾^%¾:^?^^^;^ !^^ >^^ :^¾¾^^^¾!^!^^^ ^^ ¾^^ ¾^?::^^^ ¾^¾¾¾¾!^?¾^¾:^¾¾¾¾>^¾;-^:^¾>:¾¾:%¾¾¾¾^?^ ¾^^ ^^  ？：^ ^ -¾^^^¾^^^% ^?¾¾ ^  3 ^ ^ K _ f f S ^ ^ ^ ^ ^ ^ ^ ^ B ^ ^ ^ ® i i _ _ ^ S ^ S ^ ^ ^ B ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ B » : K f ' i ? ^ ^ ^ ^ ^ ^ ^ ^ K ^ & m ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M • i ^ g s ^ ^ ^ ^ ^ ^ ^ ^ B ^ t e a s ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ i i i ^ ^ P l # : ^ ^ f t _ ^ ^ ^ ^ ^ H ^ ^ ^ f c ^ i ® ® ^ ^ ^ s : “ : : ? _ s ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ » _ _ i i ^ P ^ ^ W • ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ t e s ^ ^ ^ f c s ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ f c i ^ i l ^ W i ^ ^ B 
:!；: • ： ； ':m^>y -1^1^^^ ¾^^ ^^ ¾^^-¾^^^^^¾¾";^^^^^^^ !^¾^>*^¾¾?¾^ ¾^!^¾^¾^ :^.¾¾¾:¾?^ :^^¾^?^ :^.-^ :^.-*./ ‘', ^ y% 'i<^'ik^f^^f'i^^^% 
::::,：“_^^^^^^^^^P^^^^«Pi^^^fe«^^^^®i^^^^^^^^^^®®____fe^h8 
"• '• -«〜麵金:*—«»**藝''^ i^s^»»s^—s*t^ '^(^«^««^i^s&fc::fea»fifc^^^*ii^^®^i___;___igggi^ 
Fig. 3.16 Cross-sectional HREM micrograph showing that aligned (A-type) 
C0Si2 precipitates are dominant in the L layer of the as-implanted 
sample with a nominal Co dose of 3 x lO^^cm"^ at an extraction 
voltage of 35kV by MEVVA implantation. 
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Compared with the other two samples with nominal Co doses of 1 and 2 x lO^^cm" ,^ 
a big difference is also observed in the plan view TEM micrograph of the sample 
with a nominal Co dose of 3 x lO^^cm'^  as shown in Fig. 3.17. The white contrast 
regions in Fig. 3.17 are the damages caused by ion milling, while the gray contrast 
regions are the Si substrate. The different darker contrast in Fig. 3.17 shows that the 
irregular shape C0Si2 precipitates are very dense to form a "percolation" cluster 
layer. One can hardly observe any isolated C0Si2 precipitates in this layer. 
」'、一,-,«》二泛:,:：^巧,、~ h % i ^ f - ^ | 
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Fig. 3.17 Plan-view TEM micrograph of the as-implanted sample 
with a nominal Co dose of 3 x lO^ c^m"^  at an extraction 
voltage of 35kV by MEVVA implantation. 
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Figure 3.18 shows the XTEM micrograph of the sample with a nominal Co dose o f 4 
X 10i7cm_2. Similar to the other two samples with nominal Co doses of 1 and 2 x 
lO^^cm'^, this sample also has a "percolation" C0Si2 clusters layer with a thickness of 
about 50 nm. Under this layer, a region with isolated C0Si2 precipitates has a 
thickness of about 100 nm. From the contrast of the percolation C0Si2 clusters layer, 
it shows that the density of this layer is higher than that in the other two samples 
with nominal Co dose of 1 and 2 x lO^W'^. The SAED pattern taken from an area 
including the non-continuous C0Si2 layer and the isolated C0Si2 precipitates layer in 
Fig. 3.19 shows that the C0Si2 precipitates have various orientations in this sample 
as indicated by the diffraction ring in the figure. 
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圓 
Fig. 3.19 SAED pattern of the as-implanted sample with a nominal Co dose 
of 4 X 10i7cm-2 at an extraction voltage of 35kV by MEVVA 
implantation. 
Figure 3.20 shows the plan view TEM micrograph of the sample with a nominal Co 
I q /^ 
dose o f 4 X 10 cm' . The darker contrast regions are the C0Si2 clusters. The white 
contrast regions are the damages caused during ion milling process, while the gray 
contrast regions are Si substrates. Different from the other three samples with 
nominal Co doses of 1, 2 and 3 x lO^^cm'^ , these C0Si2 clusters have akeady 
coalesced [8], and a partly interconnected network of clusters has developed. 
However, there are still some C0Si2 clusters not included into the network. These 
isolated C0Si2 clusters have different shapes with a range of sizes from 75 nm to 300 
nm in length, from 75 nm to 125 nm in width. The nearest separation between the 
isolated C0Si2 clusters and the large region network is in the range of sizes from 10 
nm to 100 nm. Consistent with the SAED pattern shown in the XTEM micrograph 
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in Fig. 3.19, the diffraction ring in Fig. 3.21 also shows that the C0Si2 precipitates 
have various orientations in this sample. 
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Fig. 3.20 Plan-view TEM micrograph of the as-implanted sample 
with a nominal Co dose of 4 x lO^^cm'^  at an extraction 
voltage of 35kV by MEVVA implantation. 
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Fig. 3.21 Plan-view SAED pattern of the as-implanted sample 
with a nominal Co dose of 4 x lO^^cm'^  at an extraction 
voltage of 35kV by MEVVA implantation. 
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3.1.5 Spreading Resistance Profiling (SRP) 
As we shall explain in more details in the discussion section later, there is some 
contradiction between the thickness of the percolation layer as seen by the RBS 
1 q /^  
results, and the TEM results for the sample with a nominal Co dose of 3 x lO cm . 
Therefore, we have performed SRP measurements for the as-implanted samples in 
addition. 
The SRP experiment was performed with a SoUd State Measurement Inc. SSM 350 
spreading resistance profile system. A plot of resistance distribution profile of the 
as-implanted samples is shown in Fig. 3.22(a) and (b), which are in different scale. 
It is clearly seen, in Fig. 3.22(a), that the resistance profile of the sample with the 
• 17 2 
nominal Co dose of 1 x 10 cm" exhibits an asymmetrical Guassian distribution. 
The resistance value increases from about 3 x 10^ Q at the surface up to the peak 
value of7.6 x 10^ Q at about 2.5 ^im deep, then, decreases down to the original value 
of about 1 X 10^ Q, which is the resistance value of substrate. This profile is very 
different from that of the other three samples with nominal Co doses of2 , 3, and 4 x 
10'^cm'^, which are more flat. 
A closer look of the resistance profiles from the surface down to 0.5 i^m deep is 
shown in Fig. 3.22 (b). The resistance of the samples with nominal Co doses of2 , 3, 
and 4 x lO^^cm"' are of two to three orders lower than the substrate value at the 
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surface, then spread in different depth. The thickness with low resistivity are 60 nm, 
220 nm, and 40 nm, corresponding to the samples with nominal Co doses of 2, 3, 
1 n ry and 4 x 10 cm' , respectively. 
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Fig. 3.22 Resistivity profiles in the depth of (a) 7 ^m, and (b) 0.5 ^m of the as-
implanted samples with nominal Co doses of 1，2，3 and 4 x lO^^ cm"^  
at an extraction voltage of 35 kV by MEVVA implantation. 
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3.1.6 Atomic Force Microscopy (AFM) and Conducting Atomic Force Microscopy 
(CAFM) 
The as-implanted samples with nominal Co doses of 1, 2, 3, and 4 x lO^^cm'^  were 
also characterized by AFM and CAFM. The scanning area of each sample was 
chosen to be 5 x 5 \im^. Figure 3.23 shows the CAFM image of the as-implanted 
sample with a nominal Co dose of 1 x lO^^cm'^ . There is some current-flow peaks 
with ampHtude from several to 8 nA distributing sparsely in the measuring area. The 
number of the higher current-flow (larger than 5 nA) peaks is around twenty. The 
surface morphology of this sample is shown in the simultaneous AFM / CAFM 
images in Fig. 3.24. The typical size of the grains is about 600 nm in diameter. 
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Fig. 3.23 CAFM image of the as-implanted sample with a nominal Co dose of 
lxlOi7cm-2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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Fig. 3.24 AFM image of the as-implanted sample with a nominal Co dose of 
lxlOi7cnf2 at an extraction voltage of 35 kV by MEVVA implantation. 
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Figure 3.25 shows the CAFM image of the as-implanted sample with a nominal Co 
dose of 2 X 10i7crrf2. Compared with the sample with a nominal Co dose of 1 x 
10i7cm.2, the ampUtudes of the current-flow is sUghtly lower, ranging from several to 
6 nA. However, the smaU current-flow peaks are densely packed with a high number 
density. The corresponding surface morphology is shown in Fig. 3.26 and the typical 
size of the grains is about 200 nm in diameter which is smaUer than that in the sample 
with a nominal Co dose of 1 x lO^^cm"^ . 
_ 
UM 
Fig. 3.25 CAFM image of the as-implanted sample with a nominal Co dose of 2 x 
10i7cm_2 at an extraction voltage of 35 kV by MEVVA implantation. 
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Fig. 3.26 AFM image of the as-implanted sample with a nominal Co dose of 2 x 
10i7cm-2 at an extraction voltage of 35 kV by MEVVA implantation. 
The as-implanted sample with a nominal Co dose of 3 x lO^^ cm"^  has only about ten 
current-flow peaks with an amplitude of 6 nA or higher as shown in Fig. 3.27. The 
number density of the smaU current-flow peaks is intermediate compared with the 
samples with the nominal Co doses of 1 and 2 x lO^^cm"^ . The surface morphology 
image in Fig. 3.28 shows that the typical size of the grains is about 400 nm in 
diameter. 
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_ • : � 
^ M 
Fig. 3.27 CAFM image of the as-implanted sample with a nominal Co dose of 3 x 
10i7cm_2 at an extraction voltage of 35 kV by MEVVA implantation. 
k _ : : j 
^ M > 
yM 
Fig- 3.28 AFM image of the as-implanted sample with a nominal Co dose of 3 x 
lO^W^ at an extraction voltage of 35 kV by MEVVA implantation. 
68 
Chapter 3 Characterization ofAs-implanted Samples 
Figure 3.29 shows the CAFM image of the as-implanted sample with a nominal Co 
1 n 0 
dose of 4 X 10 cm" . Compared with the other three samples with the nominal Co 
doses of 1, 2, and 3 x lO^^cm" ,^ the current-flow ampHtudes are relatively high up to 
40 nA. The number of the peaks is larger and the peaks are more evenly distributed. 
The corresponding surface morphology is shown in Fig. 3.30 and the typical diameter 
of the grains is about 330 nm. 
丨 _ 
^v ,也'’ y"^ 
V ^ 
yM 
Fig. 3.29 CAFM image of the as-implanted sample with a nominal Co dose of 4 x 
10i7cm_2 at an extraction voltage of 35 kV by MEVVA implantation. 
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^ i _ 
]JM 
Fig. 3.30 AFM image of the as-implanted sample with a nominal Co dose of 4 x 
10i7cnf2 at an extraction voltage of 35 kV by MEVVA implantation. 
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3.2 Results and Discussion 
The granular C0Si2/Si films formed by Co implanted Si as-implanted showed the 
interesting electrical properties, which exhibit a nearly-temperature-independent 
(NTI) sheet resistance in a wide temperature range, as mentioned in section 3.1.1. A 
closer look into the data presented in Fig. 3.1 showed that the relationship between 
R^ and temperature is linear in a wide temperature range (dependent on sample) and 
can be described by: 
R ^ = R^o + a T [Q /D] (3.1) 
where 尺口0 is the sheet resistance extrapolated to zero temperature , a is the 
temperature coefficient, and T is the absolute temperature in K. Based on this 
relationship, the values of R^o and oc, and the temperature range that the linear 
relation holds, are given in Table 3.3: 
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Nominal Dose Temp. Range, Sheet Initial Sheet Temp. 
[X 10i7 cm-2 ] T [K] Resistance, R^ Resistance Coefficient, 
[Q/D] R^o [圓] a [Q/n/K] 
1 20 - 200 630.1 -570.7 636.7 -0 .33 
2 20 - 250 111.6- 107 U 2 ~ ~ -0.02 
3 20 - 300 23.31 -24.8 ^ + 0.005 
4 20 - 250 77.4 - 82 Ti +0.02 
Table 3.3 Resistance parameters of the as-implanted samples with nominal Co 
doses of 1, 2，3, and 4 x 10^^  cm'^ at an extraction voltage of 35 kV by 
MEVVA implantation. 
From these results, it is noted that there seems to have an optimum dose so that the 
R^ is the lowest and the temperature coefficient is the smallest. However, as the 
RBS results in section 3.1.2 showed, the actual Co dose retained in the samples are 
essentially the same for nominal Co doses of 2, 3 and 4 x 10” cm'^ due to sputtering 
limiting effect for high dose implantation. The sputtering depths of the as-implanted 
samples are different shown in Fig. 3.4 in section 3.1.2. For the sample with 
nominal dose of 1 x 10^ ^ cm" ,^ the sputtering depth value is lower compared with the 
sample with nominal dose of 2 x 10^ ^ cm'^. It is because the bonding of the Si 
matrix in the substrate is hard to be broken and sputtered out in the very beginning 
during the implantation. As the Co implanted dose increased to 2 x 10^ ^ cm" ,^ the 
surface of sample is more amorphous. This lead the sputtering depth is higher. 
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17 2 However, as the Co implanted dose increased to 3 x 10 cm'，or even higher to 4 x 
1 n o 
10 cm' , it is hard for the implanted Co to sputter the akeady implanted Co or even 
C0Si2 out from the surface of the sample. Therefore, the sputtering depth is less. 
Besides this sputtering limiting effect, there is another information from the RBS 
results. As the RBS results showed in section 3.1.2, the actual Co dose retained in 
the samples are not only essentially the same for the samples with nominal doses of 
17 2 
2, 3 and 4 x 10 cm' , but the Co concentration depth profile are also similar, as 
shown in Fig. 3.3. It is clearly seen that there is a layer with a constant Co 
concentration of about 25 % with a thickness of about 45 nm near the surface of 
these three samples. 
Then, why are the R^ values of these three samples different with their actual 
implanted Co doses nearly the same? What is the microstructure of the layer with 
constant Co concentration? Is there any relationship between this layer and R^? 
The answer lies on the difference in the microstructures of these samples, as revealed 
by the TEM micrographs. 
There is a common property shown in the XTEM micrographs of Fig. 3.5，Fig. 3.9， 
Fig- 3.13 and Fig. 3.18, where there is a "percolation" layer of C0Si2 clusters near 
the surface of each of these samples, on top of an isolated C0Si2 precipitate layer 
underneath. The thickness of the percolation layer in the samples with nominal Co 
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i 7 ， 
doses of 1，2, and 4 x 10 cm' taken from RBS is consistent with the measurement 
taken from XTEM micrographs and the SRP results, except the sample with nominal 
Co dose of 3 x 10^^  cm'^. The SRP results, however, showed that the thickness with 
17 9 
a low resistance in the sample with nominal Co dose of 3 x 10 cm' is about 220 
nm. This is consistent with the measurement taken from XTEM micrograph. 
Therefore, we believe that the RBS measurement is not sensitive to this sample while 
the XTEM is. 
This percolation networks of C0Si2 precipitates with very small separation embedded 
in the Si substrate. The NTI sheet resistance property in these samples is attributed 
to the formation of such a layer. It is suggested, that conduction between C0Si2 
precipitates in this layer is achieved by electrons tunnelling, as shown in Fig, 3.31: 
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C0Si2 
C t C ^ ^ o 0 0 § % l 
^^^^T^^ 
0 ^ 0 ^ 0 0 C)Ocpa 
0 0 0 0 0 0 0 0 0 0 0 0 0^0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Fig. 3.31 The schematic illustration of the formation of the percolation 
networks in the as-implanted samples with nominal Co doses 
of 1, 2, 3, and 4 x 10^ ^ cm"^  at an extraction voltage of 35 kV 
by MEVVA implantation. 
However, the detail mechanisms of the formation of the percolation layer are 
complicated. We can only say that much more work is required in order to 
understand this issue. Anyway, if we believe that the electrical properties of the 
samples are dominated by the percolation layer, it is clear that a thicker percolation 
layer should give a lower sheet resistance of the sample. This is exactly what we get 
at least qualitatively. 
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To see if we can regard the "percolation" layer as a "material structure" with a well 
defined electrical resistivity, we plot the sheet resistance, R。o, against the reciprocal 
thickness, l/d, of the percolation layer as determined from the TEM micrographs as 
shown in Fig. 3.32. With 5 % tolerance in measurement of the thickness of the 
percolation layer, the relationship between the sheet resistance and the reciprocal 
thickness is behaviour in a straight line for the samples with nominal Co doses of 2, 
3, and 4 x 10^^  cm'^. This is consistent with the formula of the sheet resistance as: 
R = ^ R 一 pl — P 
A ^ I _ 7 
And the slope of this straight line is the resistivity, p，which is about 430 p,Q cm. 
However, due to the fact that the C0Si2 precipitates in the sample with a nominal Co 
17 2 
dose of 1 X 10 cm' are not dense enough to form a percolation layer, therefore, the 
sheet resistance value of this sample is not within this straight line. 
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Fig. 3.32 A plot of the sheet resistance, R^o, against the reciprocal of 
thickness of the percolation layer for the as-implanted samples with 
nominal Co doses of 1, 2, 3，and 4 x 10^ ^ cm'^ at an extraction 
voltage of 35 kV by MEVVA implantation. 
77 
Chapter 3 Characterization ofAs-implanted Samples 
The images of the CAFM for those samples support the suggestion which the 
electrical properties of the samples are dominated by the percolation layer. 
As the images of CAFM in Fig. 3.23, Fig. 3.25, Fig. 3.27 and Fig. 3.29 showed in 
section 3.1.6, it is obviously seen that a higher peak corresponds to the local 
conductivity at that position is higher. That means the connectivity of the C0Si2 
precipitates is better in the vertical direction. The formation of the peaks can be 
schematically explained as shown in Fig. 3.33. 
As the sample with a nominal Co dose of 1 x 10" cm"^  shown in Fig. 3J3, the 
vertical separation between the C0Si2 precipitates is L1. With a fixed DC voltage 
applied across the tip and the bottom of the sample, carriers flow along a path from 
the bottom of the sample by passing through the C0Si2 precipitates, and by 
tunnelling to the tip through the air. The tunnelling effect is, of course, also depend 
on the surface roughness of the sample. In this case, when the tip scans at the A 
region, the vertical separation between the C0Si2 precipitates is relatively less than 
that at the B region. That means the mean free path (MFP), is shorter in A region. 
This leads the resistance in A region is less than that in B region. And this results 
that the current-flow peak in A region is higher than that in B region. Because the 
horizontal separation of the C0Si2 precipitate in the cluster layer is relatively larger 
compared with the other samples with nominal Co doses of 2, 3, and 4 x 10^ ^ cm" .^ 
Therefore, it suggests that the C0Si2 precipitates in this sample are not dense enough 
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to form a percolating network as shown in Fig. 3.23. This concludes that the sheet 
resistance is naturally higher than the other samples with nominal Co doses of 2, 3, 
and 4 x 10^^  c m : 
I i 
Ah_ 
Moving direction / Q 
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I e- ® 
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Fig. 3.33 Schematic illustration of the formation of the conducting current 
peak for the sample with the nominal Co dose of 1 x 10^ ^ cm^ at 
an extraction of 35 kV by MEVVA implantation. 
With the same principle applying to the samples with nominal Co doses of 2’ 3，and 
17 2 4 X 10 cm. , the higher current-flow peaks corresponds to the local conductivity at 
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that position is higher. As the CAFM results showed in section 3.1.6, it is clearly 
seen that the current-flow peaks are dense enough to form percolation networks in 
the samples with nominal Co doses of 2, 3，and 4 x 10^^  cm" .^ 
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3,3 Summary 
All the above analysis basically explain the formation of the percolating network and 
the relation between this percolating layer and the NTI sheet resistance property. It 
is believed that this is a common property of systems consisting of nano-sized 
metallic inclusions embedded in semiconducting matrices with the appropriate 
percolation structures allowing electrical conduction by tunnelling of carriers 
between the metallic inclusions. 
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Chapter 4 
Characterization of Annealed Samples 
4.1 Experimental Details 
In order to see whether a thin, buried continuous epitaxial C0Si2 layer embedded in 
the single-crystal Si matrix can be formed, the as-implanted samples with the nominal 
1 >-j r \ 
Co doses of 1，2, 3 and 4 x 10 cm' were subjected to a two-step high-temperature 
RTA process in Ar ambient (750 ^C 30 sec., 1150 °C 10 sec.). The characterization 
results of these annealed samples, including structural and electrical transport 
properties, are presented in this chapter. 
4.1.1 Rutherford Backscattering Spectroscopy (RBS) 
With the same RTA conditions, the four samples with nominal Co doses of 1，2, 3 
and 4 x 10^ ^ cm'^ have been characterized by RBS. Fig. 4.1 shows the random RBS 
spectra and the ion channeHng spectra for the sample with a nominal Co dose of 4 x 
17 2 
10 cm' . The Co signal in the random spectrum (channel number 650 to 750) 
exhibits an asymmetric Gaussian distribution. The corresponding channeUng 
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Spectrum of C0Si2 indicates some degree of crystaUine order in this annealed sample. 
However, compared with the random spectrum, the channeUng spectrum only has a 
reduction of around 30 % in the peak counts. This situation also happens in the RBS 
17 2 
results of the other two samples with nominal Co doses of 1 and 2 x 10 cm' . This 
means that the C0Si2 layer in these samples do not form a very good single crystaUine 
layer, or a continuous planar buried C0Si2 layer has not been formed in these samples 
1 n 0 with nominal Co doses of 1，2 and 4 x 10 cm ' . 
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Energy [keV] 
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Fig. 4.1 RBS random and charmeHng spectra of the annealed sample with a 
nominal Co dose of 4 x 10^ ^ cm"^  at an extraction voltage of 35 
kV by MEVVA implantation. 
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The random spectrum and ion channeHng of RBS results for the sample with the 
nominal Co dose of 3 x 10^ ^ cm'^ are as shown in Fig. 4.2. Compared with the 
1 n 0 
sample with the nominal Co dose of 4 x 10 cm' , the Co signal of the random 
spectrum exhibits a very sharp and narrow peak of counts, and there is a 
corresponding dip in the Si spectrum at a depth where most of the Co atoms stay. 
The low yield of the channeled spectrum relative to the random yield indicates good 
crystaUinity of the buried C0Si2 layer. However, the random spectrum is not in a 
rectangular shape. Therefore, the formation of a planar buried C0Si2 layer is not in 
stoichiometric composition [44]. From simulation results by the RUMP program 
[37], as shown in the insert, the thickness of the Si top layer and the buried C0Si2 
layer were determined to be 10 nm and 47 nm, respectively. The channeled spectmm 
shows a low yield relative to the random spectrum. There is a drastic reduction of 
around 80 % in the peak counts. Although this reduction is not up to 90 % as 
Satyam et al. [47] reported for the sample formed in Si (111) substrate, this stiU 
indicates a good crystaUinity of the buried C0Si2 layer. 
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Fig. 4.2 RBS random and channeUng spectra of the annealed sample with a 
nominal Co dose of 3 x 10^ ^ cm"^  at an extraction voltage of 35 kV 
by MEVVA implantation. 
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4.1.2 Transmission Electron Microscopy (XTEM) 
The annealed samples were studied by cross-sectional transmission electron 
microscopy (XTEM) in bright field imaging with a beam direction paraUel to the 
siHcon wafer [110] axis, and by plan view TEM in bright field imaging with a beam 
direction paraUel to the siHcon wafer [100] axis. Fig. 4.3 is a XTEM micrograph of 
the sample with a nominal Co dose of 1 x lO^^cm" .^ The isolated islands with darker 
contrast are C0Si2. It is clearly seen that a continuous planar C0Si2 layer has not been 
formed. This is correlated with the RBS results as mentioned earlier. The shapes of 
these islands are in semi-circle shape with a relatively flat edge on the top. The 
thickness of these C0Si2 islands is in a range of sizes from 90 nm to 175 nm. It is 
obviously seen that there are some Unes with darker contrast Hnking up these large 
islands. 
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Fig. 4.3 XTEM micrograph of the annealed sample with a nominal Co dose 
of 1 X 10i7cm-2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
More details of these Hnes between two C0Si2 islands as labeled with "M" in Fig. 3.4 
were studied by cross-sectional HREM, as shown in Fig. 4.4. It is clearly seen that, 
under an amorphous Si cap layer of about 10 nm thick, A-type precipitates are 
dominated in these Unes as labeled in Fig. 4.4. Therefore, the formation of these Hnes 
was identified to be C0Si2 precipitates, which are concentrated in layer by layer with a 
separation of about 4 nm between layers. 
88 
Chapter 4 Characterization ofAnnealed Samples _^_^_ 
_^®^^tfi^B®l^®s:SS^^fc^^^W®____0:^BIIiiii^B®:�>»p®i^^Bii;^^fc_;^M!^^^^^^^^^^^^^K^^P ^ ^ ^ ^ W ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ _ ^ ^ ^ ^ I ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ P ^ ^ ^ ^ ^ ^ P i ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ P ^Ri^^^^^®^^fcsi_i^®^^^i^gfig|^gM^g_^^S^i^^^^^p^^^^^^s^^K^^®l^^^^l^®^^pi^^^^^^^^^^^^^® ^^ s^i^ P®^ fts^ p^^ ^^ ^^ ^^ ®^fc^ ^^ pii*__^ ^^ ^^ s^ l^ ^^ P^ :^i®^ ^^ $^ B^ ®^ ^^ ®i^ ^^ ^^ ^^ ®^ ^^ P^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ P^ ^^ ^^ P ^^p^iiii^Rlii^^^_^^^^^^^^_M^(^iii^^Mii^i^^pi^^^^^^_:ii^^^K^i^^^^^^^^^^^^^ _iiiiS i^«:_si;ii^ S^_i^ ^ t^i;^ ^ l^^ ^^®5_ j^ii^ ^__ l^::»|^ ipip i^«^^g§;^ ^ i^^ S^ i^iji»ifcifi^ ^>#i|^ ^^p_i8^^p::.^ ^ i^i^ ^^^^  ^ . ^toiWi®*^&^#*^^^^S^^^fc4W^rf^fc^^^i®p^P^il^^i^^fc^i^®s.^^Si^^^B^^i^^^^R^^^^^^^^^^^^^S ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M r t ^ ^ ^ K ^ M ^ ^ ^ ^ ^ p ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ™ ^^ ^^ ^^ Bftifc^ ^^ P®^^ ^^ ^^ ®i^ t^tSfc^ ^®ii^ ^^ P^^ ^^ ^^ ®_l:;i^ W^^ ^^ ^^ fei^ S^^ ^W^^ i^^ K^S^^ ^^ B^^ ^^ ^_^^ ^^ ^® I^^^^^^^^^^^^^^^^^^^^Kite^^^^fc«^tel^P§P^;i^^^^R^^®^<^^P^^^^^^^^^^^^^^fci ^ ^ ¾ ^ ^ ^ ^ ¾ ! ^ ^ ^ ^ ^ ^ ^ ^ ^ ¾ ^ ¾ ^ ! ^ ¾ ! ^ ¾ ¾ ^ ^ ^ ^ ^ ^ ¾ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ¾ p^ i^ ^^ SP^ ^^ S^ ® i^^ ^^ i^ ^^ B^^ ^®fci^ ii^ i^ ^^ ^^ ^^ ^^ ^^ P^ ii^ ^^ ^^ i^^ :^ P^ s^ ^^ ^^ ^^ ^^ fe^ P^ ^^ 8^^ ^^ P^ ^^ ^^ ^^ 8^ ^K^^ ^^ ^^  ^^^P^^^^i^k iS^^^^^^^^^^^fe^^^fc# :^^^^^P^^^^^^^^^^^^^P^^^^^^^^^^^^_ ^ ^ ^ f c ^ ^ ^ ^ ^ ^ ^ * ^ ^ ^ ^ ^ ^ ^ ^ B ^ ^ ^ ^ ^ ^ ^ ^ ^ * ^ ^ ^ ^ ^ ^ B ^ * ^ ^ ^ ^ ^ ^ * 邀敎_：^<為^ |^^^^^^ €^^^^|凝?^^^^^雄这?#?^ 翁^懸^^^欽^^^於漏愁^ §^^^^^^^^^^^^^^驗-3:^ #^"^^^凝抵講邏:^^^縫^ ?^^ 衫^愈發^^^^^^^^^；^ £^；^^^ 络^^^^&^^^^^：；：^遞夺^^^渗^^^^^^ ^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ t a ^ ^ ^ ^ * ^ ^ ^ ^ ^ ^ ^ ^ * ^^ ^^ ^^ P^i^ ^^ S^ ;^ii^ ^^ B^i®^^ iSi^ ^^ j^i^ ^^ i^ W^^ S^ ^^ ^^ S^ Bi®^%#^ p^^ i#_^ i^ ^^ ®W^^ ^^ ;^ i;^ M |^l^ ^^ ^^ ^^ :^ ^^ p^ p^^ ^^ H^ 公丨丨繼^^^^^^^^^^^^^ ；^^^^终驗:^^^$:翁^^^1^^:5^ ^^«^ 资^^^^^^^^^^縫纖^^^^^^^^^ :^::黎^^^§^谬丨?^ 1^?^:^ ?^^专^1#^^:. ^ ^^ ^^ ^^ ^^ i^^ i^ i;^ ^^ l^ ^^ ^^ ;^^ i^2^ :^^ :r^ ^^ ^^ ^^ l^ i^ ^^  ^^¾^^^¾^^^^^^^¾^¾¾^!^^^^^¾^^^^^^¾!¾^^^^^^¾^^^^^^^^^¾^^^¾!^¾^^^^¾^ rf^^^^^M^^®^^::^^^^^^_^^^^^^^^^^P_®^^fc®®%__P^Pj^^^^^5flJii^^5^i^J^^^i^ ^ ^ ^ ^ ^ ^ ^ | | - ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ p i _ _ R ^ ^ : ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ P _ _ ^ t i ^ _ ! ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ® ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ _ _ _ 
\ \ — ' 〜 , 广 ） 厂 、 《 £ > ' 、 緣 : 怎 ^ _ " 二 ; 、 乂 � ' 1 ; 产 \ ‘ ' ' : - v V : ' , “ ； -
r ' ^ - ^ - ¾ - ^ ¢ . ¾ - : - ¾ ^ : ¾ ^ ^ ^ ^ ¾ ¾ ^ ^ V Y , ' ^ , ' ¾ ¾ ; ' - - i - r,. > :. 
? : : : : : '、 5 ^ ^ 1 ^殆减 _ 5 # # ^ # ^‘ : ; : '‘ " . :於 , :严、： 
):'么^ ? ,為 ;售 ^ ^ , ^ ^ ?、炉淚 : : ' ; _臂 : :广 . > ： ‘ ‘ ‘ ； 
, - ' ' , - V . . , ) - - ,•�- ^ ^ ^ v '、 、 '<' *,、乂(…yw^ ''： . ‘ , . \ , ”- , •'. r ^ ^ ^ ^ ^ ^ ^ ^ • ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ f t ^ ^ ^ ^ ^ ^ ^ ^ M ^^^^^^^^^^P^^^^S"^^^^^B^^^^^^^^^^^^^W^H^^^^^^^^^^^^B^J^^W^W^Wfe^^^^^W^^^^ ^^^^^^^^m^B#*^^^S^^^^^^S^^^^^^w^^w^^Ei^^^^^^Bi^^^^^^^^^^^^^^^wW ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ p ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ w ^ * ^ ^ ^ ^ M ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ s ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M ^ ^ ^ ® ^ ^ ^ ^ ^ M ^ ^ ^ ^ ^ ^ ^ ^ » » ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ * ^ ^ ^ ^ ^ ^ ^ ^ ^ 1 ^ ^ ^ ^ ¾ ¾ ¾ ! ¾ ^ ^ ^ ¾ ^ ^ ^ ¾ ¾ ^ ¾ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ¾ ^ ^ ^ ¾ ¾ ^ ¾ ? ^ ^ ¾ ^ ^ ^ ^ ^ ^ ^ ^ ¾ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ¾ ^ ¾ ^ ^ ^ ^ ^ ^ ^ ^ ¾ 
C X ^ ‘ ~ ^ • • - " / ^ ¾ ¾ : , - : “ ^ /:，力'、；.‘ ;vv "、，,. / •, , - 、 、 、 
, ¾ , : 麵 # » ^ ^ « » : 穆 , ' : 、 ’ . • ‘ 、 、 •，’ ^^^^^^^^^^^^^^^^^^^^^^^^^^^^w 
1^^^^^^^^^^^^^^^^^^^^^^^^^:^^^^|^^^^^^錄!^^^^^^^姨^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^»攀^^^^^^^^^^^零麵爾 
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M 
g ^ ^ ^ ^ ^ » ^ ^ ^ ^ ^ ^ ^ M ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ » ^ ^ g ^ » t ^ ^ ^ ^ ^ ^ M 鑑^^^|^^^^^^^^^^^^^^^^^^^^^^^^^|^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^鍵麝虞黎*覽^^^^^^^^^^^^ ^^ ^^ ^^ ^^ ^^ ^^ E^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ i^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ M^^ ^^ ^^ ^^ g#^ ^^ ^^ ^^ ^^ ^^ __#^ ^^ ^^ M^i^ fc^ j^^ i^ ^^ i^^ #^^ ,^  ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M ^ ^ ^ ^ ^ ^ ^ ^ ^ M 
^ ^ i , ' : “ � y S : : � ' : k / V i ^ � ; : ‘ � : ' ' ' ' J � - ,二 •:、'’’ 
!^^^？^！^塵；,://(: : � � - : � � f ; : ' ； : , �.、 
^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^!•^^^^^^^^^^^濟雾變遷纖 
^^^^^^^^!^^^^^!^^^^^^^^^^^^^^^"^^^^^^^^^ !^^^^^^^^^^^^^^^^^^^^^^^^^^^^ !^^ !^!!^^^^^ :^:^^^^^:^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^:^^^ •^^^^ :^':^^^^^ "^^=^^^••^^^^^^^^^ •^•^ 。^^ 辦^^^^冲-="*^ -^^^^^^-^^^  
^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ S ^ ^ ^ ^ ^ ^ ^ H 
^^^^^|^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^^餐^^^^^^醫虚腿1^^纖_黎讀驢邀_纖凝__齒 ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ g ^ ^ ^ ^ B ^ ^ ^ M i a 
^ ¾ ¾ : . . ^ ^ ¾ ¾ - : - ¾ - : : : . ¾ ^ : > : 、 . 、 
M^^^k^..,.4.Vsi^>%iij.^： r:yS::,,.:i^k.,^-^-.^^ - , \ ： - , . , 、 
Fig. 4.4 Cross-sectional HREM micrograph showing that aUgned (A-type) 
C0Si2 precipitates are dominant in the Lines between the isolated 
C0Si2 islands of the annealed sample with a nominal Co dose of 1 x 
10i7cm_2 at an extraction voltage of 35kV by MEVVA implantation. 
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Figure 4.5 shows a plan view TEM micrograph of the same sample. The C0Si2 
islands are formed in square on circular shapes. The numbers of them are about the 
same. The typical size of the square shape islands is 150 nm x 150 nm. The typical 
diameter of the circular shape islands is about 250 nm. The typical separation 
between the nearest islands is around 150 nm. It is clearly seen that there are some 
smaU C0Si2 precipitates, with a typical diameter of 15 nm, distributed between these 
large islands. Correlated with the XTEM micrograph of this sample as shown in Fig. 
4.3, there are some C0Si2 Hnes with darker contrast formed between the islands. 
^^W^  ^ 4^� °^"^  _ _ ; ^ ^ ^ ^ ^ ^ ^ a 
W i i i f l l i i e i i ^ ^ ^ ^ ^ ^ ^ ^ p e 
、 暴 • ‘：‘ _ ' . : • : , . : : • 'J 
� ^ # . ^ 1 ¾ 
_ . . i : , 
Fig. 4.5 Plan-view TEM micrograph of the annealed sample with a nominal 
Co dose of 1 X 10i7crrf2 at an extraction voltage of 35 kV by 
MEVVA implantation. 
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The XTEM micrograph of the sample with a nominal Co dose of 2 x lO^ c^m"^  is 
shown in Fig. 4.6. Same as the sample with a nominal Co dose of 1 x lO^^cm'^ , it is 
obviously seen that C0Si2 does not form a continuous planar layer. The C0Si2 
isolated islands are in elongated eUipse shape or in semi-circle shape with a flat edge 
17 2 
on the top. Compared with the sample with a nominal Co dose of 1 x 10 cm'，the 
thickness of these islands are relatively larger with a range of sizes from 220 nm to 
280 nm. Again in this sample, there are some C0Si2 Unes Unking up the islands at the 
top. 
^ ^ > ¾ - : 一 " ^ ^ ^ ^ 梦 ^ * # 5 ^ 嗜 1 1 _ 
- ? ^ ^ ^ > ) • . , , , 
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Fig. 4.6 XTEM micrograph of the annealed sample with a nominal Co dose of 
2 X 10i7cm_2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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From the plan view TEM micrograph of the sample with a nominal Co dose of 2 x 
lQi7cm-2, as shown in Fig. 4.7, aU the C0Si2 isolated islands are formed in a round 
plate shape with a typical size of 800 nm. But some of the islands have larger size up 
to 1.3 ^m. The typical separation between the nearest islands is about 270 nm. 
Compared with the sample with a nominal Co dose of 1 x lO^^cm" ,^ the size of the 
islands is not only larger, but the number of the C0Si2 Hnes between the islands is also 
more and darker in contrast. This means that the concentration of C0Si2 in those Hnes 
is higher. 
'i^Mi -w^ p f f , “ .^''‘識‘， � ^ ^ 
' ' � � � ^ , : f 0 i ^ " ^ ^ l i ^ l i i ^ M I ^ ^ * i l i B 
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: < - , ,,„ w - « ^ ; ' / w U | t > | * f c ^ 
•^離_氣##: 
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Fig. 4.7 Plan-view TEM micrograph of the annealed sample with a nominal Co 
dose of 2 X 10i7cm_2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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However, a buried continuous planar C0Si2 layer was formed for the sample with a 
nominal Co dose of 3 x lO^^cm" ,^ as shown by the XTEM micrograph in Fig. 4.8. 
With an amorphous Si layer of 10 nm thick on top, this buried continuous C0Si2 layer 
has a nearly uniform thickness of about 47 nm. This is correlated with the 
corresponding RBS results as shown in Fig. 4.2. 
1-POXV 
- ^ ^ m a a ^ ^ . 
、，-^ty^-'^^'r-'' V 
遍 : : ^ ^ ^ 、 、 ， 、 二 : : 、 “ ’ 
i ^ * i _ 
Fig. 4.8 XTEM micrograph of the annealed sample with a nominal Co dose of 
3 X 10i7cm-2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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The SAED pattern as shown in Fig. 4.9, taken from an area including the top Si layer, 
the buried C0Si2 layer and the Si substrate, it is clearly seen that there is no any extra 
weak spots. This means that the B-type phase of C0Si2 has disappeared completely. 
Inside this continuous planar buried C0Si2 layer the A-type orientation dominates. 
The reciprocal lattice parameters can be calculated using the equations mentioned in 
chapter 2. The results are Usted in Table 4.1 and the reciprocal lattice planes for the 
C0Si2 layer are labeled in Fig. 4.9. 
h k 1 d[A] a[A] R[m] L[m] |stand[A]| err. % 
~ ~ ~ i ~ ~ ~ T " 3.1873 5.5206 0.0063 0 ^ 5.364 2.91887 
~ 0 ~ ~ 0 ~ ~ I 2.7507 5.5014 0.0073 0 ^ 5.364 2.56096 
~ ^ ~ ~ ~ 2 ~ ~ � 1 . 9 4 9 5 .5141~~0.0103 0 ^ 5.364 2.79754 
Table. 4.1 Reciprocal lattice parameters of the SAED pattern of the annealed 
sample with a nominal Co dose of 3 x lO^^cm'^  at an extraction voltage 
of 35 kV by MEVVA implantation. 
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Fig. 4.9 SAED pattern of annealed sample with a nominal Co dose of 
3 X 10i7cm_2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
As shown in the XTEM micrograph in Fig. 4.10, for the sample with a nominal Co 17 2 
dose o f 4 X 10 cm'，a continuous planar C0Si2 layer has not been formed, and only 
isolated C0Si2 islands were formed. The situation is similar to the other two samples 
with nominal Co doses of 1 x lO^^cm'^  and 2 x lO^^cm'^ . This is correlated with the 
RBS results as shown in Fig. 4.1. These islands are in elongated eUipse shape with a 
thickness ranging from 115 nm to 230 nm. The typical thickness is about 190 nm. 
The SAED pattern of this sample as shown in Fig. 4.11 is however similar to that of 
the sample with a nominal Co dose of 3 x lO^ c^m"^ , showing that the dominant 
orientation is also A-type. 
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Fig. 4.10 XTEM micrograph of the annealed sample with a nominal Co dose of 




Fig. 4.11 SAED pattern of annealed sample with a nominal Co dose of 4 x 
lC)i7cm'2 at an extraction voltage of 35 kV by MEVVA 
implantation. 
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The C0Si2 islands are in round plate shape in the annealed sample with a nominal Co 
dose of 4 X 10i7cnf2 as shown by the plan view TEM micrograph in Fig. 4.12. The 
diameter of these islands is from 190 nm to the majority of about 600 nm. The 
separation between the nearest islands is around 135 nm. Compared with the samples 
of 1 X 10i7cnf2 and 2 x lO^^cm'^ , fewer C0Si2 Hnes between the islands are seen. 
^ ^ ® ^ ^ ^ ^ ^ ^ ^ 
、 ： : ； V '• ^ 4 ^ _ m ' : � - - ‘ • • £ ? '••�’ 
, ^ _ , — ‘ 遍 i i 
% ^ w w ~ ^ 赢 ' 、 濯 ‘ ' , ' , 
_ 、 • : • ‘ 豫 鴨 
1 ^ ¾ J k ^^^�';A^ .^m, ^^^fcl ‘ ^“ V ... 
Fig. 4.12 Plan-view TEM micrograph of the annealed sample with a nominal 
1 n 0 
Co dose of 4 x 10 cm" at an extraction voltage of 35 kV by 
MEVVA implantation. 97 
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4.1.3 Sheet Resistance Measurements 
Resistivity measurement of the four annealed samples with the nominal Co doses of 1， 
2, 3 and 4 x 10^ ^ cm"^  were carried out in the temperature range from 20 to 300 K by 
the van der Pauw's method [33]. The results are shown in Fig. 4.13. 
It is clearly seen that only a sample with a nominal Co dose of 3 x 10^ ^ cm'^ reveals 
metaUic conduction behavior, but the other three samples do not. This is consistent 
with the TEM results. Only the sample with a continuous C0Si2 layer formed showed 
metaUic conduction as expected. Using the C0Si2 layer thickness determined by 
TEM, the resistivity of the C0Si2 layer in this sample is obtained as plotted in Fig. 
4.13. It gives a value of 3 ^Q cm at 20 K and a value of 15.5 jiQ.cm at 300 K. 
These values are comparable to those repeated in the Hterature for ion beam 
synthesized C0Si2 layers. 
On the other hand, the other three samples, consisting of isolated C0Si2 precipitates 
embedded in the sHicon substrates, aU showed similar electrical properties. The sheet 
resistance is relatively high at low temperatures, basicaUy dominated by the property 
of the Si substrate. Then there is an abrupt decrease in the temperature range from 
about 30 K to 90 K. After that, there is a gentle increase from a few tens of f2/D to a 
few hundreds of ^^/D in the temperature range from about 100 K to 300 K. These 
features are commonly observed in high dose metal ion implanted Si samples where a 
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continuous metal siHcide layer has not been formed. We beHeve that they are 
probably the general features of composites consisting of metaUic inclusions in a 
semiconducting matrix. However, we are not aware of any theory on the temperature 
dependence of the electrical properties of such composites systems in the Uterature. 
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Fig. 4.13 Temperature dependence of the sheet resistance and the resistivity 
for annealed samples with the nominal Co doses of 1, 2，3, and 4 x 
lQi7 cm_2 at an extraction voltage of 35 kV by MEVVA implantation. 
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4.2 Summary 
The annealed samples under the same anneaHng condition do not show that aU of 
them have a low resistivity or sheet resistance, although their real Co doses are aknost 
the same. Only the sample with the nominal Co dose of 3 x 10" cm'^ can form a 
buried continuous epitaxial C0Si2 layer with a thickness of 47 nm embedded in the 
single-crystal Si matrix. Although the mechanism controUing the microstructural 
evolution during armeaUng has been identified as resolution and reabsorption of metal 
atoms [32], the details of the large scale redistribution occurring in this 
inhomogeneous Ostwald process are not weU understood. The difficulty of 
understanding the formation of a buried continuous layer is partly due to the transient 
nature of aU processes involved. 
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Chapter 5 
Conclusion 
In conclusion, we have studied the electrical properties and the microstructures of high 
dose cobalt implanted Si samples at different implantation doses at an extraction voltage 
of 35 kV by MEVVA implantation. We have observed the formation of percolating 
networks of the C0Si2 precipitates in the as-implanted samples. The relation between 
this percolating layer and the NTI sheet resistance property in the as-implanted samples 
has been investigated. It is believed that this is a common property of systems 
consisting of nano-sized metallic inclusions embedded in semiconducting matrices with 
the appropriate percolation structures allowing electrical conduction by tunnelling of 
carriers between the metallic inclusions. However, the detailed electrical transport 
mechanism has not been understood. 
With a suitable nominal implanted Co dose and annealing condition, a buried 
continuous C0Si2 layer of 47 nm thick with a low resistivity of 15 ^il2.cm at room 
temperature has been obtained. However, the mechanism leading to the formation of a 
continuous C0Si2 layer has not been understood. 
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All after all, the understanding of both the electrical transport mechanism and the C0Si2 
formation mechanisms are of scientific interest and technological importance. A lot 
more research effort is required to solve these problems. 
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Some information of C0Si2 [3]: 
Lowest eutectic temperature: 1195°C 
Crystal structure: CaF2 
Lattice constant: 5.365A 
Density: 4.95 g/cm^ 
The reaction stages of Co and Si to form C0Si2: 
250�C 350�C 650�C 
Co ^Co2Si • CoSi ^CoSi2 
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